HIGHLIGHTS
INTRODUCTION
that could be explained by matching alterations in protein abundance. In other words, the 1 proteome of the embryo changes through development and as a consequence the scope of 2 available RBPs (Hentze et al., 2018; Sysoev et al., 2016) . However, several RBPs did not Viruses have been fundamental for the discovery and characterisation of important steps of 9 cellular RNA metabolism such as RNA splicing, nuclear export and translation initiation. This 10 is due to their ability to hijack the required host resources, often by interfering with the activity 11 of the master regulators of these pathways (Berget et al., 1977; Castello et al., 2011;  induction of the antiviral programme, including β-interferon (β-IFN) and interferon inducible 1 factors, which reflects the existence of active antiviral sensors and effectors ( Figure S1D ).
2
Importantly, we can achieve a synchronised and near-complete infection of the cell culture reducing cell-to-cell variability and biological noise.
5
Pilot RNA-IC experiments in uninfected (mock) and SINV-infected cells revealed the 6 isolation of a protein pool matching that previously observed for human RBPs (Baltz et al., 7 2012; Castello et al., 2012) , which strongly differed from the total proteome ( Figure 1E ). No 8 proteins were detected in non-irradiated samples, demonstrating the UV-dependency of 9 RNA-IC. Infection did not induce major alterations in the protein pattern observed by silver 10 staining, which correspond to the most abundant, housekeeping RBPs ( Figure 1E ).
11
However, other less predominant bands displayed substantial differences, calling for in-12 depth proteomic analysis. Oligo(dT) capture led to the isolation of both host and SINV RNAs SILAC labels were permutated between the three conditions (i.e. uninfected, 4 hpi and 18 1 hpi) in the three biological replicates to correct for possible isotope-dependent effects. After 2 lysis, aliquots were stored for parallel transcriptomic and whole proteome analyses (see 3 below). We combined equal amounts of the lysates from the three conditions prior to the 4 oligo(dT) capture ( Figure 1A ) and eluates from the oligo(dT) capture of these mixed samples 5 were analysed by quantitative proteomics. Protein intensity ratios between condition pairs 6 were computed and the significance of each protein intensity change was estimated using 7 a moderated t-test . We used a previously described semi-8 quantitative method for the cases in which an intensity value was missing ('zero') in one of 9 the two conditions leading to 'infinite' or 'zero' ratios (Sysoev et al., 2016) .
10
We identified a total of 794 proteins; 91% of which were already annotated by the gene 11 ontology term 'RNA-binding' or/and were previously reported to be RBPs in eukaryotic cells 12 by RNA-IC (Hentze et al., 2018) . Hence, the protein composition of our dataset largely Table S1 ). 15 of these were detected exclusively by the semi-quantitative method due 16 to the lack of protein intensity value in one condition, reflecting possible 'on-off ' and 'off-on' 17 states (Table S1 ). By contrast, SINV caused a pervasive remodelling of the RBPome at 18 (Table S1 ). The 245 RBPs with differential RNA-binding activity in 21 SINV-infected cells (4 and 18 hpi) are referred to here as 'dynamic RBPs'. Interestingly, 181 22 out of 245 dynamic RBPs lack classical RBDs (Castello et al., 2012; Lunde et al., 2007), 23 suggesting that unconventional RBPs may have biological roles in infection.
24
To validate these results, we applied RNA-IC to cells infected with SINV but, in this case, 25 the eluates were analysed by western blotting. We selected nine dynamic RBPs falling into 26 three statistical categories (i.e. four with 1% FDR, four with 10% FDR and one with non-1 significant changes). As positive control, we monitored the SINV capsid (C), which is a viral 2 RBP that accumulates throughout the infection. We also analysed two 'non-dynamic' RBPs and peptidyl-prolyl cis-trans isomerase A (PPIA) exhibited increased interaction with RNA 8 after infection; whereas the opposite was observed for X-ray repair cross-complementing 9 protein 5 (XRCC5), XRCC6, DDX50 and polypyrimidine tract-binding protein 1 (PTBP1)
10
( Figure 2E ). These changes increased progressively throughout the infection. The 11 proteomic data assigned a non-significant decrease of RNA-binding activity to HNRNPR 12 (Table S1) ; however, the reduced activity of this protein was apparent by western blotting
13
( Figure 2E ), suggesting that our dataset may contain false negatives. Nonetheless, the 14 excellent agreement between the proteomic and western blotting data supports the high 15 quality of our results.
16

Determination of the RBP networks responding to SINV infection
17
Among the 245 dynamic RBPs, 236 were identified at 18 hpi, 133 presented reduced and 18 103 increased association with RNA and they are referred to as 'inhibited' and 'stimulated' 19 RBPs, respectively. Most of the RBPs inhibited by SINV were linked to nuclear processes 20 such as RNA processing and export ( Figure 2F and S2C). Inhibition of nuclear RNA 21 metabolism by cytoplasmic viruses has been extensively reported although it is still poorly 22 understood (Akhrymuk et al., 2012; Gorchakov et al., 2005; Lloyd, 2015) , and the inhibition Interestingly, several RBPs involved in translation were stimulated at 18 hpi despite the shut 3 off of host protein synthesis ( Figure 1C and S1B). These include eukaryotic initiation factors 4 (EIF4G1, EIF4G2, EIF4G3, EIF3C, EIF3D, EIF3E, EIF3G, EIF3J and EIF5B), elongation 5 factors (EEF1G, EEF2, EEF1A1) and ribosomal proteins (RPS27, RPS25, RPS15A, RPS12, 6 RPL36, RPL28, RPL10, RPL29, RPL39, RPL8, RPL4, RPL9 and RPL14). This 7 enhancement is likely due to the high translational activity of SINV RNAs ( Figure 1C ) (Frolov 8 and Schlesinger, 1996) . Conversely, four ribosomal proteins (RPS3, RPS10, RPS28 and 9 RPL7L1) showed reduced RNA-binding activity (Table S1 ). The essential components of 10 the cap-dependent translation initiation machinery, EIF4A1 and EIF4E, were not stimulated 11 by the infection in spite of the activation of their protein partner EIF4G1 (Table S1 ). This 12 agrees with previous data showing that these two initiation factors do not participate in SINV 13 sgRNA translation (Carrasco et al., 2018; Castello et al., 2006; Garcia-Moreno et al., 2015; 14 Garcia- Moreno et al., 2013) . A recent report showed that EIF3D is a cap-binding protein that 15 substitutes EIF4F in the translation of specific mRNA pools (Lee et al., 2016 (Table S2) (Simsek et al., 2017) . The existence of 'specialised ribosomes' in infected cells 20 has been proposed; however, experimental evidence is currently sparse (Au and Jan, 2014).
21
Our results indicate that the composition of ribosomes and the scope of proteins associated 22 with them may strongly differ between infected and uninfected cells, possibly resulting in 23 differential translational properties.
24
RNA-IC uncovered 16 dynamic RNA helicases (Table S2) ; 13 of which were inhibited upon 25 infection. RNA helicases are fundamental at virtually every stage of RNA metabolism, since they mediate the remodelling of RNPs (Chen and Shyu, 2014) . Hence, it is expected that 1 their inhibition will have important consequences in RNA metabolism. Only 3 helicases were 2 stimulated by SINV (DDX1, DHX57 and DHX29) ( Figure 2E and Table S2 ). DDX1 is part of 3 the tRNA ligase complex (Popow et al., 2011) and interestingly the ligase subunit, RTCB, is 4 also stimulated by SINV (Table S1 ), as will be discussed below. DHX29 enhances 48S 5 complex formation on SINV sgRNA in reconstituted in vitro systems (Skabkin et al., 2010), 6 and the stimulation of this helicase reported by RNA-IC supports its potential contribution to 7 viral translation in infected cells. (Table S1 ). IFI16 was previously 13 described to bind double stranded DNA in cells infected with DNA viruses (Ni et al., 2016 ).
14
Our data reveal that IFI16 also binds to RNA, and it is activated early after SINV infection (4 15 hpi). This agrees with the recently described ability of IFI16 to restrict RNA virus infection 16 (Thompson et al., 2014) . These findings highlight the capacity of RNA-IC to identify antiviral 17 factors responding to a given RNA virus. NSP4 and the capsid protein) and, unexpectedly, also NSP3 and E2 ( Figure 2G and S2E).
21
NSP3 was only quantified in two replicates ( Figure S2E ), and thus its interaction with RNA 22 requires experimental confirmation. The identification of E2 in RNA-IC eluates was 23 unexpected. However, the structure of E1, E2 and C from the related VEEV provides some 24 insights into this finding. E2 interacts with C nearby cavities that communicate with the inner 25 part of the viral particle, where the gRNA density resides (Zhang et al., 2011 (Sysoev et al., 2016) . To assess this possibility globally, we analysed the total 5 proteome (inputs of the RNA-IC experiments, Figure 1A ) by quantitative proteomics ( Figure   6 3). Importantly, SINV infection did not cause noticeable alterations in host RBP levels, even 7 at 18 hpi ( Figure 3A -C, S3A-C and Table S3 ). In agreement, coomassie staining did not 
). The lack of changes in protein levels, even for dynamic RBPs, was confirmed by 10 western blotting ( Figure 3E ). Taken together, these data confirm that the variations in RNA- 
13
The transcriptome undergoes pervasive alterations in SINV-infected cells 14 Mechanistically, the activity of host RBPs can also be altered by changes in the availability 15 of their target RNAs. To profile the transcriptome of uninfected versus SINV-infected cells, 16 we performed RNA sequencing analysis of total RNA isolated from the RNA-IC input 17 samples ( Figure 1A ). 4 h of SINV infection had a relatively minor impact on the host 18 transcriptome, with only 67 and 177 up-and down-regulated RNAs, respectively ( Figure 3F ).
19
By contrast, profound changes in the cellular transcriptome were observed at 18 hpi, with 20 12,372 differentially expressed RNAs (p<0.1; Figure 3G and S3E-F). While 10,924 RNAs 21 had significantly lower expression in infected cells, only 1,448 RNAs were upregulated 22 (Table S4) . Hence, SINV infection causes a massive loss of cellular RNAs. Upregulated
23
RNAs were enriched in genes annotated by the GO term 'antiviral response', reflecting the 24 activation of the host defences ( Figure S1D , S3E and Table S4 ). To validate these results
25
by an orthogonal approach, we used RT-qPCR focusing on 20 mRNAs randomly chosen across the whole variation range. Importantly, data obtained with both techniques strongly 1 correlated (R 2 = 0.82) ( Figure 3H ). In summary, availability of cellular RNA is globally 2 reduced upon infection, correlating with the emergence of viral RNA ( Figure 3G and Table   3 S4). Decreased availability of cellular RNA is expected to contribute to the inhibition of RNA- RNA species in the cell at 18 hpi ( Figure 3G ). Such abundant RNA substrate is likely to 9 influence cellular RBPs, potentially driving the remodelling of the RBPome. SINV produces 10 two overlapping mRNAs, gRNA and sgRNA ( Figure 1B and S1A) and, consequently, the 11 read coverage was substantially higher in the last third of the gRNA, where both transcripts 12 overlap ( Figure 4A ). Both sgRNA and gRNA are substantially more abundant than the 13 negative strand ( Figure 4A ). As the copy number of the negative strand is low and it lacks 14 poly(A) tail, it should not contribute to the RNA-IC results. Figure 3G and Table S4 ). Transcription could explain most of the differences 12 between uninfected and 4 hpi ( Figure 5A and S5A). However, RNA degradation accounted 13 for more than 50% of the explained variance at 18 hpi. We reasoned that this phenomenon 14 can be a combined effect of the activation of the 5' to 3' RNA degradation machinery, as the 15 exonuclease XRN1 and its interactor PAT1 homolog 1 (PATL1) are stimulated at 18 hpi 16 ( Figure S2D and Table S1 ), and a reduced transcriptional activity (Gorchakov et al., 2005) .
17
The role of XRN1 in virus infection is currently controversial. Some studies reported that Figure 4C ). To assess XRN1 effects in SINV infection, we generated XRN1 knock out cell 23 lines and studied the fitness of the chimeric SINV-mCherry ( Figure 1B ). To our surprise,
24
XRN1 knock out cells were completely refractory to SINV-mCherry infection, while partial 25 knock out led to an intermediate phenotype ( Figure 5C ). The fact that SINV fails to infect cells lacking XRN1 suggests that its activity is critical for the infection. Importantly, the 1 identification of XRN1 as an essential host RBP for SINV highlights the capacity of RNA-IC 2 to uncover in a global scale host factors implicated in virus infection. (Table S1 ). Moreover, these two proteins and the nuclear factor Hence, our data suggest that IRE1α and TRLC are positively contributing to SINV infection, 22 although the precise mechanism by which this occurs should be further investigated.
23
The peptidyl-prolyl cis-trans isomerase A (PPIA, also called cyclophilin A) has also been 24 classified as an RBP by RNA-IC studies, together with other six members of the PPI family 25 (Hentze et al., 2018) . These enzymes switch proline conformation and modulate protein activity, with important regulatory consequences for RNA metabolism (Mesa et al., 2008 responds to SINV infection (Table S1 ). In addition, PPIA is recruited to the viral replication 7 factories ( Figure S4B ). Interestingly, SINV-mCherry infection is delayed by both the ablation 8 of PPIA and the treatment with the PPIA inhibitor cyclosporine A at non-toxic concentrations 9
( Figure 6B and S6A). However, PPIA-eGFP overexpression had no effect in SINV-mCherry 10 fitness ( Figure 6C , bottom panel).
11
The interaction of heat shock protein 90AB1 (HSP90AB1) with RNA is enhanced by SINV 12 infection (Table S1 ). This protein has been identified as an RBP in numerous RNA-IC However, HSP90AB1 overexpression had no effect in SINV-mCherry fitness ( Figure 6C , Proliferation-associated protein 2G4 (PA2G4) RNA-binding activity was also enhanced by 3 SINV (Table S1 ). This protein associates with ribosomes (Table S2) Sanford, 2015). SINV infection stimulates the RNA-binding activity of SRPK1 (Table S1 ).
13
We hypothesise that the recruitment of this protein to the viral replication factories ( Figure   14 4C) might i) act as a sponging mechanism, preventing it from acting elsewhere or ii) promote 15 phosphorylation of proteins in the context of the viral replication factories. An earlier study 16 suggested that inhibition of SRPK1 hampers SINV and HIV infection (Fukuhara et al., 2006) .
17
To complement these experiments and distinguish between the proposed mechanisms of 18 action, we overexpressed SRPK1-eGFP reasoning that by increasing the levels of this 19 protein we would compromise the 'sponge' mechanism. Notably, SRPK1-eGFP 20 overexpression enhanced SINV fitness ( Figure 6E ), suggesting that the 'sponge' 21 mechanism is improbable and that it is more plausible that SRPK1 is actively contributing to 22 viral replication in the viral factories. Future work should determine the molecular targets of 23 SRPK1 in the viral replication factories, and whether its kinase activity also contributes to 24 the differential RNA-binding activity of dynamic RBPs.
We tested the effects of the overexpression of nine additional responsive or inhibited RBPs Notably, SINV infection enhanced TRIM25 interaction with RNA (Table S1 ), correlating with 12 its relocalisation to the viral replication factories ( Figure 4C ). TRIM25 was proposed to RNA in SINV-infected cells (Table S1 ). Moreover, TRIM56 also re-localises to the viral 8 replication factories ( Figure 4C ). Strikingly, overexpression of both TRIM25-eGFP and proteins, known molecular partners of GEMIN5, were stimulated by SINV (Table S1 ),
21
suggesting a GEMIN5-specific response. This agrees with the earlier discovery of a free (Table S2 ) (Simsek et al., 2017) . Protein-protein interaction analysis of GEMIN5-4 eGFP followed by proteomics confirmed that, in our experimental settings, it interacts with 5 RPL3 and RPL4 as well as with other components of the ribosome, especially from the 60S 6 subunit ( Figure 7C , pink dots in left panel, S7A-B and Table S5 ). Moreover, the interaction 7 with the ribosomes is maintained in SINV-infected cells ( Figure 7C , pink dots in middle and 8 right panels). We noticed that GEMIN5 is by far the most enriched protein in the IPs and that 9 its iBAQ score is significantly higher than that of eGFP, suggesting that GEMIN5-eGFP 10 interacts with the endogenous GEMIN5 likely forming oligomers through its C-terminus 11 coiled-coil structure, as previously proposed (Xu et al., 2016) . Moreover, our data showed 12 that GEMIN5 may interact with various viral proteins, chiefly with NSP1, NSP2, NSP3 and RNAs ( Figure 7D ). Indeed, reads mapping to the beginning of the gRNA and sgRNA often 23 presented an additional guanosine at the 5' end, likely reflecting binding to the cap structure.
24
This agrees with previous data reporting that GEMIN5 is a cap-binding protein (Bradrick and which is a hairpin structure that stimulates the translation of the sgRNA (Frolov and Finally, 'comparative RNA-IC' has been, here, applied to cells infected with SINV. However,
10
it can now be extended to other viruses or physiological cues to improve our understanding 11 on RBP dynamics and its biological importance. Table S1 ). B) As in (A) but between 18 hpi and uninfected conditions. C)
19
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